ABSTRACT In the conventionally coupled uplink (UL) and downlink (DL) association (CUDA) scheme, the UL performance is limited greatly by the DL parameters such as the density and power of base stations (BSs). To overcome this issue, this paper focuses on a novel three-tier heterogeneous network (HetNet) as well as global performance evaluation, where the cross-tier dual-connectivity (DC) and decoupled UL and DL association (DUDA) are integrated. On one hand, with the cross-tier DC, in DL or UL, typical user equipment is associated simultaneously with the primary and secondary BSs that are located at different tiers. On the other hand, with DUDA the primary and secondary access points of UL and DL are not necessarily the same. The proposed cross-tier DC scheme meets the need of the next generation networks where control channel comes from Macro BS and data channels from small cell BSs. For such HetNets, the work first presents a comprehensive investigation of the cross-tier DC design of all possible DUDA modes and the corresponding association conditions. Second, by simplifying the association conditions the work gives the comprehensive derivations in terms of the association probabilities and the statistical descriptions of the primary and secondary UL access distances. Third, by using the method from stochastic geometry this paper derives the general form of UL coverage probabilities by creating a common model of DUDA designs so that the global UL average coverage probability (ACP) of the whole network is achieved. The presented numerical and simulated analysis first validates the derivations. Then, the analysis focuses on the global UL ACP comparison of the whole HetNet between the DUDA and CUDA designs. The comparison of global ACP shows that the ACP of DUDA design is higher than the one of the CUDA design. Although the powers and densities of BSs impose the outstanding impact on the ACP of the CUDA designs, they have a very limited effect on one of the DUDA designs due to the utilization of decoupling association.
I. INTRODUCTION
Currently, a promising idea for mobile networks has been proposed by industry and academic researchers, where a growing number of low-power, short-range, and low-cost
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small base stations (BSs) are deployed over the existing macro BSs tier. This improvement converts the traditional single cellular networks into multi-tier heterogeneous networks (HetNets) [1] - [3] . The dense deployment of small BSs brings the radio access points closer to user equipment (UE) so that the traffic offloading from macro cells to small cells are enhanced. However, to fully exploit its potential, there are various critical issues that should be addressed. One of the major problems is the user association, which involves choosing which BS the UE should be connected to. In general, the simple maximum average received signal power (RSP) and signal-to-interference noise ratio (SINR) based criterions were used widely in literature [4] - [6] . In [7] , the minimum distance user association has been investigated. The common of these association criterions is that a mobile UE is allowed to be connected the same BS in both uplink (UL) and downlink (DL), which is commonly referred to as coupled UL and DL association (CUDA). However, the traditional CUDA strategy may be invalid in HetNets because the heterogeneity introduces disparities [8] . In addition, in the conventional CUDA scheme, the UL performance is limited by the DL parameters such as the transmission power of base stations (BSs). Therefore, the concept of decoupling UL and DL association (DUDA) has been proposed for 5G in [9] . The idea of DUDA is that a UE can be connected to different BSs in UL and DL.
Another critical problem is that the utilization of small cell networks degrades the mobility robustness. With smaller coverage area of small cell, UEs' handover becomes more frequently, implying an increase in control-plane overhead and chance of link failure, especially for UEs with high mobility. To address the mobility robustness, a conceptual solution of dual connectivity (DC) was introduced in Release 12 of Third Generation Partnership Project (3GPP) specifications [10] . DC allows users to be simultaneously served by two different network access points, the primary access point and secondary access point, which is a significant distinction from traditional single connectivity. It has been demonstrated that DC can significantly increase the user throughput and improve the robustness against mobility. This work focuses on the joint utilization of DC and DUDA.
A. RELATED WORKS
Currently, the DUDA has been investigated widely in literature. In [11] and [12] , a two-tier network was considered with DUDA, where the UL association was established based on the simple minimum path-loss while the DL association was created by using the traditional maximum DL RSP rule. The work [13] , by using the reverse frequency allocation scheme, proposed a design method of DUDA scheme for a two-tier HetNet. The energy efficiency of a two-tier HetNet with DUDA has been investigated in [14] and [15] . The work [16] contributed to DUDA optimization under the case where the full-duplex small cells were deployed. In [17] and [18] authors developed a comprehensive framework to evaluate the usefulness of DUDA in full-duplex HetNets.
While most works focused on decoupled two-tier HetNets, due to the high complexity, only few work investigated multi-tier decoupled HetNets. The early work can be found in [19] , where the DUDA was considered in a K -tier HetNet. Authors have proposed an accurate and tractable mathematics model to characterize the UL SINR and rate distribution. The latest work [20] investigated theoretically the achievable UL performance improvement brought by the DUDA mode over a conventional CUDA by using the tools from stochastic geometry. The work [21] presented the comparison result between CUDA and DUDA modes. Similar to aforementioned works, the comparison results in [21] showed that the DUDA systems outperform the conventional CUDA ones.
Another set of relative research works includes [22] - [27] , where the DC was used. Liu et al. [23] , Wang et al. [24] have evaluated the achievable performance gain by DC. Although in 3GPP Release 12 [25] , DUDA using DC was limited to inter-frequency deployments, the work [26] pointed out that the later Release may add support for intra-frequency band (or in-band) deployments. Therefore, the work [27] focused on the design of DUDA for the in-band DC based two-tier HetNets. However, this work only focused on the co-tier DC so that the performance was considered under the case where the BSs of small cells have the completely same powers. This co-tier DC deployment yields that it is hard to obtain the tractable solution for the DC design of DUDA and the one of energy-efficient power allocation.
B. MOTIVATIONS AND CONTRIBUTIONS
From the above literature review, it is clearly found that while employing DUDA is the trend of HetNets because of the increasing and essential heterogeneity and the need of explosive UL traffic, but the contributions of these existing works were only limited to the following cases. Firstly, the large of existing works, such as [12] - [16] and [22] - [27] , mainly investigated the design of DUDA by only focusing on the two-tier HetNets without three-or multi-tier HetNets. However, we know that the practical HetNets always consist of three or more tiers. For example, the seminal works [5] , [19] , and [28] have proposed the multi-tier HetNets. Secondly, while 3GPP Release 12 introduced the spectrum-efficient DC that was further investigated in [22] - [27] , these early works only presented the DC-mode design of DUDA in simple two-tier HetNets so that the co-tier DC design is the main design scheme of DUDA. Obviously, the co-tier DC deployment limits the exploitation of HetNets' potential and hampers the achievement of the insights about the DC design of DUDA. Moreover, in the co-tier DC based HetNets, the possible DC forms of DUDA are increasing exponentially with the number of tiers. As a result, it is hard or even impossible to establish the tractable DC design of DUDA as well as the frameworks of performance evaluation. In practice, besides the co-tier DC, the flexible cross-tier DC is also another promising candidate. For example, an effective transmission always consists of control signal and data signal. In general, the two signals are provided in different tiers, e.g., macro tier providing control signals and small cell tier providing data signals. In this case, it is a good alternative to associate a typical UE with two different tiers, by using DC links, to one of which the control signal is transmitted and to another of which the data signal is transmitted. In practice, in the advanced LTE-B it is required that control channel comes from Macro BS and data channel from small cell BS.
That is to say, the cross-tier association is required in LTE-B. Another practical application is that while the BSs locating at the same tier have the same and limited resources, the available resources of BSs locating at different tiers are different greatly. In this case, using cross-tier DC enables the enhancement of resource utilization and overcomes the imbalance of resources so that the average performance of the whole network is improved. Finally, although the performance gain of the DUDA for single connectivity HetNets has been obtained, the one for DC HetNets has not been reported so far. A complete and comprehensive performance comparison of the DC-mode HetNets with DUDA by considering all possible DUDA cases has not been presented, too. To find the tractable DC design of DUDA, it is emergent to create a common model that can evaluate the global performance of the scheme. Moreover, with the global performance investigation we can find the key factors dominating the whole network. Therefore, inspired by the above literature review, this work focuses on the cross-tier DC designs of DUDA for three-tier HetNets by considering all possible associations and providing global performance evaluation. The idea of cross-tier DC design is useful for LTE-B. The main contributions are summarized as follows.
1) We propose a novel multi-tier HetNet by integrating cross-tier DC and DUDA. Comparing with the existing works, we extend the existing network model to more general multi-tier HetNets so that the advanced cross-tier DC and DUDA are carried out over completely different tiers, not over the same tier. This cross-tier DC can meet the practical application need such as in LTE-B and can exploit the network resource. Moreover, the proposed cross-tier DC model yields the tractable designs of DUDA in multi-tier HetNets. 2) To fill in the existing gap, we aim to give a global investigation on the cross-tier DC and DUDA based three-tier HetNets by studying all possible DUDA cases as well as the corresponding association probabilities. In DL the maximum average RSP criterion is used and in UL the simple nearest distance one is performed. Obviously, with the consideration of cross-tier DC in DL a typical UE is associated with the closest BSs of two different tiers from which the RSPs are the first-order and second-order statistics. Similarly, in UL the typical UE is associated with the closest BSs of two different tiers from which the distances are the first-order and second-order nearest distance statistics. Besides the association probabilities, for each association case we also provide the statistical descriptions of the primary and secondary access distances from the typical UE to its primary and secondary access points. 3) We present an effective metric for evaluating the global average performance by using average coverage probability (ACP). With the global ACP we evaluate the achievable gain over the traditional CUDA based HetNets. The global ACP comparison shows that while the ACP of DUDA design is higher than the one of the CUDA design based DL RSP and the BSs' powers impose the great impact on the ACP of the CUDA designs, but the BSs' powers have very limited effect on the one of the DUDA designs due to the utilization of decoupling association. Obviously, the result can be found only under the case where a global derivation is performed. However, the results are not reported currently. The results are new.
C. ORGANIZATION
Section II introduces the interested HetNet model and assumptions. In Section III, we present the cross-tier DC designs of DUDA along with the association conditions. In Section IV, we present the association probabilities for all possible DUDA cases. In Section V, we formulate the coverage probability of each association subcase, which leads to the total ACP of the novel HetNets achieved. In Section VI, the comprehensive performance comparisons are provided. In Section VII, the conclusions are given. 
II. NETWORK MODEL AND ASSUMPTIONS
As shown in Fig. 1 , a canonical three-tier HetNet is considered, of which tier 1 represents the macro cells and the remaining two tiers stand for pico cells and femto cells, respectively. The spatial locations of the BSs in each tier are modeled as 2-D independent homogeneous Poisson point processes (PPPs) k of densities λ k , k ∈ {1, 2, 3}. Note that, for simplicity, throughout this work it is assumed that the terms BS, tier, cell, and their indexes are used interchanged, i.e., BS k and tier k be equivalent. Besides this, the spatial location of UEs follows another independent homogeneous PPP UE of density λ UE . For the sake of convenience, it is also assumed that all BSs and UEs are equipped with single antenna and operate in half-duplex mode. Each BS in tier k uses the same transmit power P k , k ∈ {1, 2, 3}, and the UEs have the transmit power P UE . It is also assumed that the constraint λ UE > λ k is required. In addition, since tiers 1, 2, and 3 stand for macro cells, pico cells, and femto cells, without losing the generality, it is assumed commonly that the transmit powers satisfy the constraint P 1 > P 2 > P 3 .
To model the channel, a standard path-loss propagation model is adopted. As such, we model the channel path-loss over the distance X as β · X −α , where β is the frequency dependent constant value and α is the path-loss exponent with typical value ranging from 2 to 6. It is assumed that all tiers have the same path-loss exponents. The canonical Rayleigh fading with unit average power is adopted to model the small scale fading gain h, i.e., h ∼ exp (1).The channel reciprocity is exploited. The simple co-channel deployment is used and the available spectrum bandwidth is B. At the same time, it is well known that the distance to the closest point of a PPP also follows a Rayleigh distribution with the probability density function (PDF) of f x (x) = 2πλxe −λπx 2 , where λ is the density of PPP. The received signal is interfered by the additive Gaussian noise with power n 0 .
III. DECOUPLING UL AND DL USER ASSOCIATION A. DL AND UL ASSOCIATION CRITERIONS
In this section we describe the user association criterions for DL and UL, respectively. In our interested HetNets, the promising cross-tier DC is adopted, which indicates that a typical UE, located at origin O, is associated with the closest BSs located at two different tiers in both DL and UL, respectively. The first best access tier is termed as primary access tier and the second best access tier is termed as the secondary access tier. In addition, to improve the network throughput and balance the load, the advanced DUDA scheme is performed during the user schedule and resource allocation, which means that the UL UE association is independent from the DL UE association.
In DL, the maximum DL RSP rule defined by 3GPP is used. The idea of RSP criterion is that an UE receives DL signals from all available BSs. Then, the typical UE selects the access point (or tier) of which the BS provides the strongest DL RSP. Therefore, for a typical UE located at origin O, the primary access tier or BS is selected by
Primary BS
where X k is the Euclidean distance from the typical UE to the closest BS of the tier k. Then, the typical UE selects the secondary access tier (or BS) with the idea of cross-tier access, from which the DL average RSP is the second order best statistic. As such, the secondary access tier or BS is created by using
Secondary BS
where Sec − max{.} is the second order maximal operator. Similar to the operator max{.}, Sec − max{.} selects the BS that has the second maximum average RSP.
Different from the DL UE association, in the considered DUDA scheme, the minimum distance criterion is used to select the UL access tiers. The typical UE first selects the primary UL access tier, of which the closest BS has the minimum distance to the typical UE. Hence, the primary UL access tier (BS) is generated by using
Primary BS
After selecting the primary UL access point, the typical UE selects the secondary UL access tier (or point), to which the typical UE's distance is the second minimum statistic. As a result, the secondary UL access tier (or BS) is created according to
Secondary BS
where Sec − min{.} is the second minimum operator.
Note that, this work considers the case where the primary and secondary signals are transmitted over orthogonal channels with bandwidth B/2.
B. CROSS-TIER DC DESIGNS OF DUDA MODE
Based on the idea of DUDA, our designs first begin with the DL associations. Then, after obtaining all possible DL DC schemes, we focus on decoupling UL DC association designs for each realization of DL association. As such, all possible DUDA designs would be obtained. Considering the cross-tier DC cooperation association, as shown in Fig. 2 there are total six types of DL associations, which are termed as Case m, m ∈ {1, 2, · · · , 6}, respectively, where BS k represents the closest BS of tier k to the typical UE. Similarly, with the idea of cross-tier UL DC of DUDA, each DL association relates six decoupling UL association subcases. However, due to the practical power constraint P 3 < P 2 < P 1 , among all the decoupling association schemes, there are only 17 possible subcases that can be realized in practical application. For the clarity of the sequent manipulation, all of these possible association subcases are summarized in Table 1 . In the table, the corresponding association conditions are given, too.
IV. ASSOCIATION PROBABILITIES
The main goal of this work is to obtain the total ACP as well as the achievable gain by DUDA over traditional CUDA, which is the weighted summation of the coverage probabilities of all association cases by the corresponding association probabilities. The coverage probability of each case is also related with the association probability. At the same time, the association probability reflects the contribution of each subcase on the whole network performance. As such, we first derive the association probabilities of all possible association subcases by considering the predefined power constraint
A. CASE 1
From Fig. 2 and Table 1 , it is achieved that Case 1 considers the DL association region where the primary and secondary connections are to tier 1 and tier 2, respectively, and has six decoupling UL association subcases. From Table 1 , we see that among these subcases, Subcase 1.1 is the CUDA mode. Using the association conditions in Table 1 and the predefined power constraint P 1 > P 2 > P 3 , we have the simplified association condition of Subcase 1.1 given by r 1 < r 2 < r 3 .
Then, using the fact that in a PPP, the distance r i , i ∈ {1, 2, 3}, follows Rayleigh distribution, the association probability P SC1.1 of Subcase 1.1 is calculated by
Subcase 1.2 considers the decoupling secondary UL association, where the primary UL is associated with the same BS as the primary DL, but the secondary UL is decoupled to tier 3. That is to say, in this subcase the typical UE is closer to the BS of tier 3 than the one of tier 2. From Table 1 , by using the power constraint condition P 1 > P 2 > P 3 , the simplified association condition can be written as r 1 < r 3 < r 2 < r 3 (P 2 /P 3 )
1/α . This leads to the association probability for Subcase 1.2 is calculated by
Different from Subcase 1.2, in Subcase 1.3, while the secondary DL and UL connections are the same and are associated with the closest BS of tier 2, the decoupled primary UL is associated with the one of tier 3. For this decoupling primary UL association subcase, the assumed power constraint P 3 < P 2 < P 1 leads to the given association condition in Table 1 having the simplified form (P 3 /P 1 ) 1/α r 1 < (P 3 /P 2 ) 1/α r 2 < r 3 < r 2 < r 1 . Therefore, by using the similar argument as Subcase 1.2, the association probability is given by (11) , as shown at the top of the next page.
Let us now turn to consider Subcase 1.4, where the primary and secondary connections of UL have the different order from DL ones even if the access points of ULs are the same as the ones of DLs. Obviously, this is a completely decoupling UL association subcase. Therefore, from Table 1 , the joint association conditions of Subcase 1.4 are simplified as (P 2 /P 1 ) 1/α r 1 < r 2 < r 1 < r 3 . The corresponding association probability is calculated by
In Subcase 1.5, BS 2 and BS 3 are the first and second closest BSs to the typical UE. The primary UL is connected to BS 2 and the secondary UL is connected to BS 3. This is also the completely decoupled association subcase. For this subcase, it is easy to have that the association condition given in Table 1 is rewritten as (P 2 /P 1 )
1/α r 1 < r 2 < r 3 < r 1 .
The decoupled association probability for Subcase 1.5 is
In Subcase 1.6, the primary UL is associated with tier 3 and the secondary UL is associated with tier 1. This is a completely decoupling association. Obviously, in this subcase although the typical UE is in the radio of BS 2, BS 3 is the nearest access point to the typical UE and BS 1 is the second nearest access point. Therefore, by using the power constraint P 1 > P 2 > P 3 , it is easy to simplify the association conditions in Table 1 as r 3 < r 1 < r 2 < r 3 (P 2 /P 3 )
1/α . This yields the association probability of Subcase 1.6 is given by (12) , as shown at the top of the next page.
B. CASE 2
Case 2 considers the scenario where the primary and secondary DLs have the inverse order of association as Case 1. It is found from Table 1 that because of the power constraint P 1 > P 2 > P 3 , Case 2 only consists of three possible subcases. Subcase 2.1 is CUDA mode, but Subcase 2.2 and Subcase 2.6 are DUDA modes. Similar to Case 1, from Table 1 the simplified association condition of Subcase 2.1 is written as (P 1 /P 2 ) 1/α r 2 < r 1 < r 3 . This yields that the association probability of Subcase 2.1 is expressed as
In Subcase 2.2, the primary UL is connected to the same BS 2 as the primary DL. However, the typical UE is closer BS 3 than BS 1 even if it is situated inside the radio range of BS 1. As a result, using P 1 > P 2 > P 3 leads to the simplified association conditions (P 3 /P 2 ) 1/α r 2 < (P 3 /P 1 ) 1/α r 1 < r 3 < r 1 and r 2 < r 3 . The association condition indicates that it is difficult to directly obtain the closed-form expression of association probability of Subcase 2.2. To overcome this problem, we define two independent events 1 2.2 and 2 2.2 as follows.
Then, using (10), the probability of the event 1 2.2 is
f r 1 (r 1 )
Similarly, the probability of the event 2 2.2 is given by (13) , as shown at the top of this page. Finally, combining (13) , (14) , and (10), leads to the association probability for Subcase 2.2 given by
Compared with Subcase 2.2, the decoupled association Subcase 2.6 has inverse order of primary and secondary ULs. From Table 1 , the concise DUDA condition has the form (P 3 /P 2 ) 1/α r 2 < (P 3 /P 1 ) 1/α r 1 < r 3 < r 2 < r 1 . We find that this association condition is entirely identical with the one of 2 2.2 defined in (10). This observation yields that the association probability of Subcase 2.6 is given by
In Case 3, the primary and secondary DLs are associated with tier 2 and tier 3, respectively. From Table 1 , it is easily found that Case 3 includes two subcases, i.e., Subcase 3.1 and Subcase 3.4. For Subcase 3.1, from Table 1 the coupled association condition is given by given by r 2 < r 3 < (P 3 /P 1 )
1/α r 1 and the corresponding coupled association probability is
Subcase 3.4 considers the decoupled UL and DL association where the first and second nearest BSs to the typical UE are BS 3 and BS 2, respectively. Therefore, from Table 1 the simplified association condition is written as r 3 < r 2 < (P 2 /P 3 ) 1/α r 3 < (P 2 /P 1 ) 1/α r 1 . This leads to the corresponding association probability given by
Although in Case 4 DLs are connected to the same access points as the ones in Case 3, the order of primary and secondary DLs of Case 4 is inverse to Case 3. Specially, when the primary DL is associated with tier 3, because of the practical power constraint P 3 < P 2 < P 1 , it is not possible that the BS 1 and BS 2 are closer to the typical UE than BS 3, or it is conflict with the DL association condition of Case 4. This fact indicates that because of the aforementioned power constraint, it is not possible to decouple the primary UL from BS 3 to BS 2 or BS 1. With the similar reasons, we cannot achieve the result that the secondary UL is decoupled to BS 1 from BS 2. Therefore, Subcase 4.1 is the sole and coupling subcase of Case 4. From Table 1 , the simplified association condition of Subcase 4.1 is given by (P 2 /P 3 ) 1/α r 3 < r 2 < (P 2 /P 1 ) 1/α r 1 . This yields that the resulting association probability is given by
Case 5 considers the scenario where the primary and secondary DLs are connected to tier 1 and tier 3, respectively. From Table 1 , for CUDA Subcase 5.1 the simplified association condition is r 1 < r 3 < (P 3 /P 2 ) 1/α r 2 . With the similar line as (5) the association probability of Subcase 5.1 is
Subcase 5.4 considers the decoupling both the primary and secondary UL associations. From Table 1 the simplified association condition of Subcase 5.4 is rewritten as (P 3 /P 1 ) 1/α r 1 < r 3 < r 1 < r 2 and r 3 < (P 3 /P 2 ) 1/α r 2 . Similar to Subcase 2.2, to calculate association probability of Subcase 5.4 and achieve the closed-form expression of association probability of Subcase 5.4, we define two independent events 1 5.4 and 2 5.4 as follows
This yields that the probability of the event 1 5.4 is given by
The probability of the event 2 5.4 is expressed as
Therefore, combining (21), (22) , and (23) yields that the association probability of Subcase 5.4 is given by
Under Subcase 5.6, the first and second closest BSs to the typical UE are BS 3 and BS 2. From Table 1 , the association condition can be further simplified as r 2 < r 1 < (P 1 /P 3 )
1/α r 3 < (P 1 /P 2 ) 1/α r 2 . This leads to the association probability of Subcase 5.6 formulated as
The final scenario is Case 6 where the primary and secondary DLs are associated with tier 3 and tier 1, respectively. Because of the power constraint condition P 1 > P 2 > P 3 , with the similar consideration as Case 4, we have that it is not possible to associate primary UL to BS 1 or BS 2. As a result, Case 6 only consists of two subcases, i.e., Subcase 6.1 and Subcase 6.2. From Table 1 , the coupled association condition of Subcase 6.1 is further written as (P 1 /P 3 ) 1/α r 3 < r 1 < r 2 . This leads to the coupled association probability given by
The simplified DUDA condition for Subcase 6.2 is written as (P 2 /P 3 ) 1/α r 3 < (P 2 /P 1 ) 1/α r 1 < r 2 < r 1 . This yields that the corresponding decoupled association probability is
V. COVERAGE PERFORMANCE
In this section we analyze the coverage performance achieved by a typical UE located at O. We first formulate the general form of coverage probability by considering a special subcase. Then, the total ACP would be achieved easily. To this end, without losing the generality, we begin the SINR coverage performance evaluation by considering a typical Subcase i.j, i.e., the j-th subcase of Case i. As such, we further assume that the random variables X SC i,j P , X
SC i,j S
, and X SC i,j SO , P, S, SO ∈ {1, 2, 3}, denoting the distances from the typical UE to its primary UL access point, secondary UL access point, and coupling UL access point, respectively. The corresponding PDFs of these UL access distances are denoted by
, respectively. Obviously, P, S, and SO depend on Subcase i.j.
With the above assumptions and the consideration that the primary and secondary signals are transmitted over orthogonal channels with bandwidth B/2, it is easy to achieve that the received signal by the primary BS P (or access point) is
given by α P P UE h P β X in the definition of I P UE , the interior summation denotes the aggregate interference from UEs associated with tier l. For our considered HetNets we have K = 3. The interference model rises from the full load assumption, i.e, λ UE > λ k , k ∈ {1, 2, 3}, as well as the assumption that each BS is associated with one UE. Therefore, in each tier the density of active UEs equals to the one of BSs. Similarly, at each secondary receiver the received total interference signals from other UEs' secondary UL transmission are formulated as I S UE = K l=1 n∈ l\O α S P UE h n βr −α n . In I P UE and I S UE , h m(n) and r m(n) are the small scale Rayleigh fading channel gain and the distance from the interference UE to the primary (or secondary) access point. Therefore, for a given Subcase i.j, the received SINR at the primary access point BS P is
where we define σ 2 = n 0 /β. The received SINR at the secondary access point BS S is given by
With the received SINRs (28) and (29) at primary and secondary access points, we can calculate the UL coverage probability, which is defined as the probability that the received SINR is greater than a predefined threshold. Specially, we know that the employment of cross-tier DC transmission in our interested three-tier HetNets requires that a successful UL transmission will happen only when both the primary and secondary transmissions are correctly decoded simultaneously. At the same time, in (28) and (29) the primary access distance X SCi,j P is less than the secondary access distance X SCi,j S because of the employment of cross-tier DC. Therefore, for a typical association Subcase i.j, the UL coverage probability of DUDA is formulated by
where τ P and τ S are the predefined SINR thresholds of the primary and secondary ULs, respectively. The SINR thresholds τ P and τ S are determined by the primary and secondary UL target rates.
Observing ( is required. This yields that it is challenging to achieve tractable expression of (30). To overcome this problem, by using conditional probability, (30) is further written as
We see that under the condition X SCi,j S > X SCi,j P , the two random variables SINR SCi.j P and SINR SCi.j S are mutually independent. Therefore, substituting (28) and (29) into (31), we have the coverage probability of DUDA given by (33), as shown at the top of the next page..
In (33), we first calculate the primary UL coverage probability P SCi,j P X SCi,j P as follows.
where (a) follows from the fact h p ∼ exp (1) 
where E X {.} denotes the expectation operator in terms of X . Combining the mapping theorem in which the Poisson Process distribution in R 2 can be mapped to R + , from A3 in [29] , (34) can be further written as
Therefore, substituting (35) into (32) leads to the probability P SCi,j P X SCi,j P given by
By using the similar argument, in (33) the secondary UL coverage probability P SCi,j S X SCi,j S is given by
At the same time, in (33) we have the probability Proposition 1: In the considered three-tier HetNets with cross-tier DC and DUDA, for a given association Subcase i.j, the SINR UL coverage probability is given by
where the probability Pr of the primary and secondary access distances are presented in Appendix, which depend on Subcase i, j.
With Proposition 1 and the association probabilities derived in Appendix, the total UL ACP of the considered HetNets can be achieved, which is given by Proposition 2.
Proposition 2: The total UL ACP of the considered three-tier HetNets with cross-DC and DUDA is
where i ∈ {1, 2, . . . 6}, j ∈ (Case i), j = (Case i) denoting the operator that obtains the j-th subcase of Case i.
Note that, Proposition 2 provides the ACP of DUDA DC designs of the considered 3-tier HetNets, where the statistical descriptions of primary and secondary access distances from Appendix are used. When the conventional DL RSP criterion is used, we can obtain the CUDA scheme. This would yield the sub-optimal network performance for uplinks. With Propositions 1 and 2, the ACP of CUDA DC HetNets can be easily calculated by using the coupling access distances X SCi,j SO for each subcase as well as the corresponding statistical descriptions f X SC i,j SO (x). Taking Subcase 1.2 as example, with DL RSP-based coupling association, the coupling primary and secondary access points are BS 1 and BS 2, respectively. The corresponding PDFs of the coupling access distances are give (43) and (49). Note that, here we refer the DUDA as to VOLUME 7, 2019 the optimal scheme, while the CUDA as to the sub-optimal one.
VI. SIMULATIONS AND NUMERICAL ANALYSIS
In this section, on the basis of the previous mathematical analysis, the simulated and numerical results are presented to validate the derivations and to highlight the insights by investigating the network performance with different system parameters. Especially, the analysis focuses on the global average performance comparison of the considered 3-tier HetNets with cross-tier DC and DUDA designs, which is not discussed in existing works. As mentioned in system model, a three-tier HetNet is considered, which consists of macro cells, pico cells, and femto cells. For the convenience of manipulation, the path-loss exponents are the same for all cells. In each tier, all BSs have the complete same transmission power. Moreover, the power constraint P 1 > P 2 > P 3 is held. The network is full-load. That is to say, we have the density of UEs be greater than the one of BSs. At each receiver, the received signals are corrupted by the additive Gaussian noise with the same power. For clarity, Table 2 summarizes the parameters used throughout the analysis and simulations together with the actual values. 
A. ASSOCIATION PROBABILITY
With the aforementioned system parameters and assumptions, in Fig. 3 we first present the numerical results for association probabilities under different association cases by taking λ 2 = 15λ 1 , α = 4.3, P 1 = 46dBm, P 2 = 42dBm, and P 3 = 23dBm. Specially, in this figure we present not only the comparison of association probabilities for different association cases, but also the comparison between the association probability of CUDA and the aggregation of the association probabilities of all DUDA subcases. The association probabilities for Case 1 and Case 2 are presented in Fig. 3 (a) and Fig. 3 (b) , respectively. The ones for Case 3 and Case 4 are given in Fig. 3 (c) and the ones for Case 5 and Case 6, in Fig. 3 (d) .
From the figure, we find that under different association cases, the association probabilities are different greatly. Moreover, the association probabilities depend largely on the density ratio λ 3 /λ 1 . Obviously, Fig. 3 (a) and Fig. 3 (b) indicate that when λ 3 /λ 1 is relatively larger (greater than 15), the association probabilities for all subcases of Case 1 and Case 2 are decreasing with λ 3 /λ 1 . When the density ratio λ 3 /λ 1 is large enough, the association probabilities saturate, approximately. This is due to the fact that under Case 1 and Case 2, all DLs associate with the closest BSs of tiers 1 and 2. This leads to that the probabilities that the decoupling association cases occur are increasing with λ 3 (or λ 3 /λ 1 ). Finally, with the continuous increase of λ 3 /λ 1 , the distance to the closest BS of tier 3 approaches stable state statistically. As a result, the decoupled association probabilities saturate. Contrarily, it is straightforward that the probability of coupled association case is decreased monotonously with λ 3 /λ 1 . Besides this, from Fig. 3 (a) it is achieved the probability that the coupled association occurs is greater than the one that the decoupled association occurs only when the density ration λ 3 /λ 1 is very small. When the density ratio λ 3 /λ 1 is large, the probability that the decoupling association occurs is greater than the one that coupling association occurs. From Fig. 3 (a) and Fig. 3 (b) , we also see that the probabilities of decoupling events are very large so that the contribution of decoupling association cannot be neglected.
From Fig. 3 (c) , we find that when the density ratio λ 3 /λ 1 is small relatively, the increase of the association probability of Subcase 3.1 is faster than the one of Subcase 3.4. The reason is that in the coupled association Subcase 3.1, both the secondary UL and DL are associated with the closest BS of tier 3. However, in Subcase 3.4 although the primary and secondary DLs are also associated with the same BSs as Subcase 3.1, the primary and secondly ULs have the inverse associations order with Subcase 3.1. For the coupled association Subcase 4.1, the typical UE not only locates in the radio range of the closest BS of tier 3, but also has the nearest distance to BS 3. Therefore, it is achieved that the association probability for this coupled association case (Subcase 4.1) increases monotonously with λ 3 /λ 1 .
With our analysis in the previous sections, we know that in Case 5 and Case 6, while the primary or secondary DL must be associated with the tier 3, the primary or secondary UL is also connected to the nearest BS of tier 3. Therefore, as achieved from Fig. 3 (d) we have that the corresponding association probability always increases monotonously with the density ratio λ 3 /λ 1 . Though the UE is located in the region of the nearest BS of tier 1, the UE is closer to the closest BS of tier 2 than the one of tier 1. Therefore, as displayed in Fig. 3 (d) we have that the association probability of the decoupling association Subcase 6.2 is less than the one of the coupling Subcase 6.1 when λ 3 /λ 1 is large. For Case 5, the similar results can be achieved.
Nevertheless, from Fig. 3 it is achieved the probability that the coupling or decoupling association occurs depends greatly on the system parameters. Under a typical setting, it is possible that the association probability of coupling association case is greater than the one of decoupling cases when the density ration is small relatively. On the contrary, when the density ratio is large, it is possible that the probability of decoupling cases is greater than the one of coupling cases.
B. COVERAGE PROBABILITY
In this subsection, we present the numerical and simulated analysis of coverage probability and exploit the impact of system parameters, especially the global average coverage probability (ACP) presented. Fig. 4 investigates the ACPs' comparison between DUDA and CUDA schemes for Case 1∼ Case 6. Note that, in Fig. 4 the ACP of each DL case is defined as the weighted summation of all absolute coverage probabilities of subcases by the corresponding association probabilities. Taking Case 2 as example, the total ACP of DUDA scheme is defined as: P SC2. 6 Cov−O are the corresponding absolute coverage probabilities as obtained in Proposition 1. For the coverage probability of CUDA one, the definition is straightforward. Observing  Fig. 4 (a) and (b) , we first find that the ACPs of the six DL cases are greatly different. This observation further indicates that the contributions of each association subcase to the total coverage probability are evidently different. It is also achieved that under the used system setting in Fig. 4 (a) , the contributions of Case 5 and Case 6 are trivial and can be omitted, but the ones of Case 2 and Case 3 are dominant. However, Fig. 4 (b) shows that the contributions of Case 5 and Case 6 cannot be neglected since the coverage probabilities of Case 5 and Case 6 are in the same order of magnitude as the ones of cases 1 and 2. Besides the coverage probabilities of DUDA scheme, Fig. 4 also presents the ACPs of each DL case of CUDA one where the non-decoupled association (based on DRP) criterion is used. We see that the difference between the coverage probabilities of the two schemes also greatly depends on association cases. For example, in Case 2 the difference between the coverage probabilities of the two schemes is evident, but in other cases the difference is negligible. Moreover, Fig. 4 (a) and Fig. 4 (b) indicate the difference between the ACPs of each DL association case is affected by system parameters.
After observing the contributions of different DL association cases to the total ACP, we now turn to provide the total ACPs' comparison between DUDA and CUDA schemes. Fig. 5 presents the total ACP comparison versus density ratio λ 3 /λ 1 (or λ 2 /λ 1 ) under different path-loss exponent α. It is first achieved that the proposed decoupling association scheme outperforms the traditional and RSP-based coupling one. This observation validates the effectiveness of the proposed decoupling DC scheme. We also see that the achievable ACP gain is jointly determined by the density ratio λ 3 /λ 1 (or λ 2 /λ 1 ) and the path-loss exponent. We find that with given path-loss exponent α, the total ACP of DUDA scheme approximately holds constant over the entire region of λ 3 /λ 1 (or λ 2 /λ 1 ). Although the density ratio λ 2 /λ 1 has impact on the ACP of DUDA scheme, the change is trivial and can be omitted. However, the ACP of CUDA greatly depends on λ 3 /λ 1 and λ 2 /λ 1 . Therefore, we have the result that the proposed DUDA scheme effectively balances the resource of whole networks.
To achieve a comprehensive insight about the effect of transmission powers of BSs, under different path-loss exponents Fig. 6 (a), (b) , and (c) present the total ACP VS. powers P 1 , P 2 , and P 3 , respectively. From Fig. 6 (a) where we take P 3 =23dBm and P 2 =35dBm, it is achieved that, with the increase of P 1 , the ACP of CUDA scheme is decreasing dramatically, but the ACP of DUDA one holds constant approximately over the entire region of P 1 . This observation implies that the CUDA scheme suffers greatly from the transmission power P 1 , but the DUDA one is free from P 1 . Note that, our analysis further finds that the increase of P 1 can enhance the total ACP of DUDA, but the improvement is trivial and can be omitted. Although when P 1 is large, the ACP of CUDA scheme holds constant approximately, Fig. 6 (a) displays the DUDA scheme outperforms the CUDA one over the entire region of P 1 . By taking P 3 =23dBm and P 1 =46dBm, Fig. 6 (b) gives the total ACP VS. power P 2 . It is easy to see that, over the entire region of power P 2 , the ACP of DUDA scheme also approximately holds constant, but the ACP of CUDA one is decreasing gradually with the transmit power P 2 . Obviously, the observation is similar to the one in Fig. 6 (a) . Nevertheless, the ACP of CUDA is always less than the ACP of DUDA. However, for the effect of P 3 , from Fig. 6 (c) we see that with the increase of P 3 , the ACP of DUDA scheme is invariable, but the ACP of CUDA one is increasing.
Therefore, based on the above numerical and simulated analyses, we have the following main results. For the considered three-tier HetNets with cross-tier DC and the power constraint condition P 3 < P 2 < P 1 , when the conventional DL RSP-based CUDA criterion is used, the total ACP is inversely proportional to the transmit power P 1 and P 2 , and proportional to the transmit power P 3 . However, when the proposed scheme with the cross-tier DC and DUDA is used, the total ACP holds constant approximately over the effective regions of P 1 , P 2 , and P 3 , respectively. That is to say, in the conventional RSP-based CUDA scheme, the UL ACP is affected by the DL parameters such as the transmission powers of BSs, the bias factors, density ratios, and so on. However, in the DUDA scheme, it is free from BSs' power and density ratios, approximately. This is due to the fact that in our proposed scheme the decoupling association and nearest distance rule for UL are used. These observations validate our derivations, but also give the insight to design the energy-efficient HetNets. In addition, from Fig. 5 and Fig. 6 , we see that the analysis results are agreed with the simulations, which validates our derivations.
VII. CONCLUSIONS
The work designs a three-tier HetNet by integrating cross-tier DC and DUDA. In such novel HetNets, a typical UE is simultaneously associated with the two BSs located at different tiers in DL or UL. At the same time, because of the utilization of DUDA, the DL primary and secondary access points are selected based on the DL RSP criterion and the UL ones are created based on the nearest distance criterion so that the selected primary and secondary access points in DL and UL could be different. We aim to achieve a global perspective in terms of the designs of cross-tier DC of DUDA mode as well as the comprehensive network performance. With these objectives, the flexible cross-tier DC designs of DUDA mode for the three-tier HetNet are proposed accompanying with the corresponding association conditions. Then, we especially focus on the association probabilities of each association subcase by using effective mathematical manipulation. This leads to the statistical descriptions of the primary and secondary access distances between a typical UE and its access points achieved as well as the ones of the access distances for CUDA. Thirdly, by using the method from stochastic geometry we derive the SINR coverage probabilities of the VOLUME 7, 2019 primary and secondary ULs so that the total ACP of the whole HetNet is achieved. The presented numerical results display the impact of system parameters on association probabilities and the coverage probability of each case. We also specially present the numerical and simulated results about the total ACP of the considered HetNet. The global ACP comparison shows that while the ACP of DUDA design is higher than the one of the CUDA design and the BSs' parameters impose the great impact on the ACP of the CUDA designs, they have limited effect on the one of the DUDA designs due to the utilization of decoupling association. The proposed cross-tier DC scheme is useful for the advanced modern communication systems such as LTE-B.
APPENDIX STATISTICAL DESCRIPTIONS OF ACCESS DISTANCES
In this appendix, we present the concise proof of the statistical descriptions of the access distances in DUDA DC designs, which are defined as the distances from the typical UE to its access points. In addition, the ones of the statistical descriptions of the distances between the typical UE and its access points in CUDA systems are also presented. They are used for calculating coverage probabilities in Proposition 1 and Proposition 2. To this end, for each Subcase i.j, we define X SC i,j k as the typical access distances between the typical UE and its primary or secondary access point (or BS k). We know that for different Subcase i.j, the primary and secondary access points are different.
A. CASE 1
In Subcase1.1, using the simplified association condition r 1 < r 2 < r 3 , the PDF of the primary UL access distance X SC 1, 1 1 between the typical UE and BS 1 is given by (41).
The PDF of the secondary UL access distance X SC 1, 1 2 between the typical UE and BS 2 is given by
For Subcase 1.2, using the simplified DUDA condition r 1 < r 3 < r 2 < r 3 (P 2 /P 3 )
1/α , the PDF of the primary UL access distance X SC 1,2 1 is given by
The PDF of the secondary UL access distance X SC1,2 3 is expressed as f X SC1.2
In Subcase 1.2, to evaluate the performance of CUDA system, the PDF of the access distance X SC1.2 2 to BS 2 is required, which is given by (49), as shown at the top of the next page.
In Subcase 1.3, the primary UL is associated with BS 3 and the simplified association condition is given by (P 3 /P 1 ) 1 α r 1 < (P 3 /P 2 ) 1 α r 2 < r 3 < r 2 < r 1 . The primary UL access distance is expressed as X SC1. 3 3 , whose PDF is given by (50), as shown at the top of the next page. The PDF of the secondary access distance X SC1.3 2 is written as
In CUDA, UE's primary UL is associated with BS 1. The PDF of the access distance X SC1. 3 1 in Subcase 1.3 for CUDA is given by (51), as shown at the top of the next page.
In Subcase 1.4, with the simplified association condition (P 2 /P 1 ) 1 α r 1 < r 2 < r 1 < r 3 , the PDF of the primary access distance X SC1.4
The PDF of the secondary UL access distance X SC1.4
(47) In Subcase 1.5, using the derived association condition (P 2 /P 1 ) 1 α r 1 < r 2 < r 3 < r 1 , the PDF of the primary UL access distance X SC1.5 2 is given by
The PDF of the secondary UL access distance X SC1.5 3 is given by (52), as shown at the top of this page. When considering the traditional coupling association that is based on the DL RSP criterion, the PDF of the access distance X SC1.5 1 is given by (53), as shown at the top of this page.
In Subcase 1.6, using the derived association condition
The PDF of the secondary access distance X SC1.6 1 is given by (54), as shown at the top of this page.
When considering the traditional CUDA, the PDF of the access distance X SC1.6 2 is given by (55), as shown at the top of this page.
B. CASE 2
For Subcase 2.1, using the derived association condition (P 1 /P 2 ) 1/α r 2 < r 1 < r 3 , the PDF of the primary UL access distance X SC2.1 2 between the typical UE and BS 2 is
The PDF of the secondary UL access distance X SC2.1
We now consider Subcase 2.2. From (10), it is known that, to derive the association probability and find a tractable form in terms of association probability, we define two independent events 1 between the typical UE and BS 1. As such the PDFs of the two access distances are given by (64) and (62), as shown at the top of the next page.
We consider Subcase 2.6. From Section IV, we know that the association condition (10) of the event 2 2.2 and the association condition (P 3 /P 2 ) 1/α r 2 < (P 3 /P 1 ) 1/α r 1 < r 3 < r 2 < r 1 of Subcase 2.6 are the same, entirely. Therefore, we have the results that the statistical descriptions of the distances between the typical UE and it coupling access points under Subcase 2.6 are the same as the ones under case 2 2.2 . The PDFs of the UL access distances for Subcase 2.6 are
where X SC2. 6 3 , X SC2.6
2
, and X SC2.6 1 are the primary, secondary, and coupling UL access distances, respectively.
C. CASE 3
Since Subcase 3.1 is the coupled UL and DL association scheme, using the simplified association condition r 2 < r 3 < (P 3 /P 1 ) 1/α r 1 yields that the PDF of the primary UL access distance X SC3.1 2 between the UE and its primary UL access point BS 2 is given by
Using the condition r 2 < r 3 < (P 3 /P 1 ) 1/α r 1 yields that the PDF of the secondary UL access distance X SC3.1
For Subcase 3.4, using the derived association condition r 3 < r 2 < (P 2 /P 3 ) 1 α r 3 < (P 2 /P 1 ) 1 α r 1 , the PDFs of the primary UL access distance X SC3. 4 3 and the secondary UL access distance X SC3. 4 
2
, between the UE and its primary and secondary UL access points BS 3 and BS 2, are given by 3 (x) = 2π λ 3 x exp −πλ 3 x 2 P SC5.6 λ 2 λ 2 + λ 1 exp −π (λ 2 + λ 1 ) (P 2 /P 3 )
f X SC5.6 1 (x) = 2π λ 1 x exp −πλ 1 x 2 P SC5.6 exp −πλ 3 (P 3 /P 1 )
In Subcase 5.4, the primary and secondary access points are BS 3 and BS 1, respectively. At the same time, from the discussion provided in Section IV, to achieve the association probability of Subcase 5.4, we define two independent events 1 5.4 and 2 5.4 in (21) . Firstly, by using 1 5.4 : (P 3 /P 1 ) 1/α r 1 < r 3 < r 1 < r 2 and 2 5.4 : (P 3 /P 2 ) 1/α r 2 < r 3 < r 1 < r 2 , it is easy to have that the PDFs of the primary UL access distances X 
Under Subcase 5.6, the primary and secondary UL access distances are denoted as X SC5. 6 3 and X SC5.6 2 , respectively. At the same time, associating the UE with BS 1 would lead to the coupling access. Using the derived association condition r 2 < r 1 < (P 1 /P 3 ) 1/α r 3 < (P 1 /P 2 ) 1/α r 2 , we have that the corresponding PDFs of the access distances X SC5. 6 3 , X SC5.6 2 , and X SC5.6 1 are given by (70), (71), as shown at the top of the previous page, and (79), as shown at the top of this page. respectively.
F. CASE6
For Subcase 6.1, with coupled association condition given by (P 1 /P 3 ) 1/α r 3 < r 1 < r 2 , the PDF of the primary UL access distance X SC6. 
Because the secondary access point is BS 1, the secondary UL access distance is expressed as X SC6.1
1
. Hence, using association condition (P 1 /P 3 ) 1/α r 3 < r 1 < r 2 , the PDF of the secondary UL access distance X SC6. 
